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Reference: XR. 41/1.O

1. SUEI ARY.

E.R.D.E. Technical Note 1/TN/51 dealt with colloidal propellants; the
present Note covers plastic and highly-elastic propellants. The discussion
of various rocket :iotor recluiruents leads to an evaltLation of the mechanical
properties of the propellants ne ded to _s.atisfy those requirements, and to an,
indication of the .ethods which should be used to test those rechanical
properties. Examples arc -.orkcd out for P.l.B. plastic propellant at 60C.,
and soft rubber. Variou.; hijily-lastic propellant systeus are discussed,

and speculations are made on coma of these.

2. CONCLUMION'P.

The folloi-ring more or [css opinionative conclusions relate onlZ to plastic
or highly-elastic propellant stuck to the rocket tubing. VIhere special
charge shapes are not fintioned, fgur.- relate to the use of the propellant
in a 2L-inch, central conduit, motor.

2. 1 The compression of the nropellant in the standard 'flo, test' must
not exceed 40 per cent. Present-dny plastic propellints should also be
tested occasionally in pure shear, using a rarge of stresses, and results corv
pared vith those of routine co.ression and flow tests.

2.2 The cohesive strcn;:th -.tust cXceed 0. p.s. i. , multiplcd by the
stress-concentration factor aTimropriatke to the particular motor design con-
siderea.

2.3 Precise calculation of stress-concentration factors seems unlikely
to be possible. Tests -uith photo-elastic m-odls, or sili lar techniques, MuA
be used.

2.4 The maxim-ur shea.r in the proj-)llant on terperature cycling of a
cigar-burning c r> i. -bout:

= 0. 001. 1 AT/a radians

Y'hecre 121 --, thc char ;e tu~noth
a the radiu.

and AT the tem-per-ture range in centigrade degrees.

If E is 0.5, and the rrn)e is + 600C. to -_%°C. (l4 O F. to -65 0 F.),i/a
must not exceed 4.

2.5 The 'crack value' of p,ro,ollants must exceed about 40 per cent.
There is need for a crack value test using rapid stressing of the propelLant;
the result of sich a test must exceed about 20 per cent. The fati-uc crack
value given over a stan,'ard very small nix.1er of cycles (to be stated by the
4sers) in the fatigue plastometor mut exceed + 2TI/ defoxvation at 250C., '-nd,
in the case of propellants for use doim to -54oC., 5% at -00G. All

/propellants
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propellants shIould- <ihsan- ay. 1,000 Cycles at -+ 65U clefomation at 2500,
correspo-ing to cxtreine day rand iht variationic in temperature.

.6 There is, at, -r; nn -ir-icat,ion o-j' ,a need to improvc tiw impact

strength o-i p1lastic pro-oclnts.

27 The prose-Lco ol" air (dispersed or othonTise) in a cha rge, l1ead-s to

very severc otrnino orfri.

2. 8 The limitini£1< clar;ge sizo for bhoosted or j.uLw-launched plast'(ic prop-
ellant motors, U;t roeattviscoOsity of 01 poises at thTi upper servico

temperature limit, appe aro t"-o bo a.round 2 feet in diameter, but t' his could Ic
increased- by usin- a,: low loaa-in.- denilh, specially designed ondrings, ctc.

2.9 The accel1cration of' ,. motor filled with a, highly-clastic propellant

mst be limited, For amodulus of' rigidity Of 24. X 1066 dynos/scurcm

(soft rubberl, the acceleration of a 22.-ineh -motor must not oxcced about 60 g.
The size of a gun-Launcheud rockcet filled -cith hi,7hly-elastic propellant must

be severely limitud. Under the1%,orst char-e de sign conditions, a 3-inch motor

f illd- ith soft ruibber should withstand at least 4.00 g.

2.10 The fII-c0sit-1 of' *1I. pIlastiC propel]-ants is linited- to lo7

Poises at 600C. (l4-00 F. by thc mnachinery and iyrocessing temperaturcs nowt

employed-.

2.1.1 -1\o-'vL-nsicnt pressure gradiunts down tho ( -as conduit of a lzarge

rocke-t motor shou-ld not~codsm lfl p.s. i./inchp othon-iise longitudinal -flo'.;
of r:L4-atic propellant or dfxttinof hi)-hly-alastic propellants m ay become
xrovcre, For sjrall rgnut,. radeiit s up to 50 p). s. i./inch m;ijht be tolerated.

2.1.2 The elasti c mxod-alul, -J.' rigi tijity and dampriing of' pla.stic and cla4stic

propellants lhoulf-. boe. j;ri for soeorapid loading ortin 1.ULfl

ig7niter p)resoure px.aks, ute. ;) tha-t the def'ornat:ion under s uch conditions

can be assessed (see also 2.5 relatin to crack value).

2.13 Effe,cts duc to rotat.,iu-on o.i rookoto, ae3-rocia-lly of,,-axis, shouldbe

calculated before frnsunder such cond-itions arc mad-c.

2. 1), Defo7mation of the propellantil, due to a ,st.eady 10 g sideny,ayS aCCel-

eration oi' a Luidod Y:issil could be tolerated by plastic or elastic propelThut;

in mtors 2 feet i diamter. Transient accelerat ions could be much highecr

in the ease of' plastic -propellants.

3.1 Scope.

E.R.D.E. Technical Note l/T14/51 dealt wAth colloidal propellants, not

bonded to the Yjall of' the roDcket tube. This second N'ote covers cases v&ere

the propelLart is ouficiontfly elastic or pAstic to be bondled to the tube.

It is, in rwany respects, an e].aboration of a Technical 3l1emoranclum by Jaiws

and I-unLicles (I)

3. 2 ChreDsi,

The follo&.inL! conunon ch)arge, designs are considered:

A(i)

-2-
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(i) C igar-burning;, the charTc completely filling the rocket
tube, ivhich is clo ecd at one end. It io assured that if
such charges are large, they -rill normAlly be stored
vertically, open und upwards,

(ii) Cone and cylindur char;,,

(iii) Star-centred chareeq without endrings,

(iv) Star-centred clar;-. .ith plane endrin s, and

(v) Star-centred charc -with conical endring s,

T hese are sketched in Eig. 1

3.3 Symbols.

The following symbols are used in this Note; C.G.S. units are enrployed
unless otherise stated:

p = Gas prossure.

a Inside r:idius of rocket motor tube.

t >11 thickness of tube, or tine (as indicated in
context).

r Radius to any poirt in the propellant.

1 : Lcngth oi tube filled .jth -ropeliant.

V1  Volum of tube filled -uith propellant ( a 2 1).
( portion of tuibe volume filled with propellant.

F (r) Proportion of volure of r. cylinder (concentric
ti% th(., motor tube) o;' radius r which is

flled hith propollant.

V Vo<.e of propellart (Vj.F(a)).

p onDe-,ity ol' propel:%nt.

I Visco<it ,oJ .r$vdlant above the yield point
(Plasto-vims,00-y .

n --L(olu-c f :i?it)"o pmopellant.

f Acceuei- iorn of meor.

U 1Pin, velocity of -otor (in level flight at 'all
bunit I) .

v(r) =Rtte o novceTnt of propellant relative to motor

tube ((Ie (r)/dt).

s(r'! =Extent of movement of propellant relative to motor
tube.

T, TI,T2 = Temrperature.

AT = TeTerature dii'fference.

/3



3.4 viochanical Failurc.

The charge is consicdeied to have failed mechanically when it Kas

deformed ti) an unacc,ntTabl . . eo e or has cracked either at the wall or

intenally. The de;rc of ovo rall deforma,ion which is acceptable is a

function of charge size, shr po, freu space in the gas conduit and rocket

tubc, etc. , but has been tlon cs bc:in; cquivalent to a maximum angle of

shear over a large ro-io.e1 o. bout r. radian or less, and corresponding to

a figure of 25 per cent. in the comPression test, in which a cylinder of

propellant is loaded lorc"itudinally rd its deformation is divided by one-

hundredth of the ori inulL h ight. Local deformationa considerably in

excess of this figu m1ay, however, be encountered at lines of stress con-

centration in the charoe, without unaccuptably large oveal l defo mnations.

4. POCIET MfOTO IOPR,QU=1h,17T

4.1 Requirements for Continuous Storage at One Tor.q,crature,

On continuous stora,- at a constant teperature, the weight of the

propellant causes a ste,ady stress in one direction. This stress must not

cause an unacceptablo deformation, even when any effect of vibration or

jolting caused by transport is superi:rosed on it. Thereforc the 'yield

point' (corresponding to the highest acceptablo doformation of half a radian)

must be well in excess of this stress, and the crack value must exceed the

deformation at any lines of stress concentration.

For a charge of Type (i) (Section 3.2), the stress is a hydrostatic

pressure, which will onlY =.pture a s,,olid if the latter contains voids, asslr',c1(

to be obviated by inspection -.fter ranufacture.

Charge Types (ii) a. (iii) usually have a 'density of loading' varying-

from. 60 to 90 rer cet. LakIn the higher figure, the average shear strels

at the wll on vertical storage is:-

0. %a2 1 pg/29%al = 0. 15 aSp

In the case of a 2 foot dian or cha.rge of propll.nt, of de2sity 1. 8 grvml.,

this is 24,0o0 dynos/square cm. (about 0.4 p.s.i.).

Therefore the ?modulus of rigidity' of the propellant (corresponding to

a maxiLnyn angle of shear of half a radian) rust be at least 5 xwi dynes/

square cm. if it is to b(; used in a motor of this size. Correspondingly,

in the compression test, the 'Young's modulus' must be at least 1.5 x 10-)
dynes/square cm., since Pois-.son's ratio Y.,ay be taken as 0.50. That is,

the equilibrium copressior with an 850 grui weight must not exceed 77 per

cent. , starting with a cylinder 1.5 cm. in diameter. The 'flow-test', ix

which the stress is applied by a weight of 200 grams acting for 16 hours,

similarly must not give a corpression of more than 40 per cent. Neither of

these tests is, however, strictly valid, since in the first place compression

can be regarded as the mun of two perpendicular shears plus a hydrostatic

pressure, and does not give the same conditions as one simple shear, while

in the second place the Imodulus' calculated for plastic propellant is a

function of the degree of strain hardening. It is very small indeed for

small strains and very 1 r for large strains. There is, therefore, a need

for carrying out a set of 'flow tests' using several different stresses, so

/that
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that for each propellant a fa.ily of curves could be obtained. This was
done by Freeman (2) usin a plastometer designcd by A.G. 17ard (5) which
gave a simple shearing stress, covering the rate of shear as well as final
'equilibrium' defonations, but the method is far too tedious to be used
as a routine test.

The stress involved in the 'flo-u test' (using 200 grams) corresponds
to the shearing force at the wall of a motor about 40 inches in diameter,
but it is found in practice that pellets of propellant can be squashed con-
siderably without cracking, whcreas in rocket motors plastic propellant may
crack after some days of hot storage. This is due to several causes whose
relative importance cannot be sosed, In the flow test there is a small
hydrostatic component of stress, absent or even negative on the top surface
of a stored char re. The cracking in a notor may also be due to t ageing' of
the propellant or to some discontinuity in the surface causing a stress-
concentration. Even with appsarontly simple syimetrical models, such as lap
joints, Mylonas (4) has sheb;- that streso-concentrations occur on the surface
of an adhesive in a way quite unpredicted by clementary considerations such
as those used in this 1Tot.,.

The shearing stresS generated in the propellant for charges of Types
(ii) and (iii) &generates a t,he bottom surface of the propellant into a
compression, and at the to> surface ioto a tension, with a mxirmni value of
0.45 a gp.

On horizontal storagc oi charge T,y,os (ii) and (iii), a hydrostatic
pressure is generated at the bottom o.' th, charce which will somewhat diinish
the shearing stress at the sidGs to ,- value below that for vertical storage.

There is, however, a vertic!Ll tUsion in the top half of the filling, super-
imposed on a shearing stress, thu, latter falling to rero and the former
rising to a max-imum at tb- very top. The value of this rLaxiulz tensile
stress is not more than O..'L5 Ll p g (0.4 p. s.i. for a 24 inch tube).

For charges with undirings, Typ s (iv) nad (v), the gencral run of stress
is very similar to that in charges wi1thout endrings, except in the neigibourhood
of the endrings. Owing to the coi:lic-_tcd nature of the problem no stress
analysis has been made. On vertical stora,-e there will be a tcnsil- stress in
the propellant at the top (,ndring and a coipression near the bottom endring.
The weight of the charge will be, supported partly by the endrings and partly
by the vertical walls of, the tube. Considering a point in the propellant
very near to the top ondring, 7nd some diWtance from the wall of the motor, a
small vertical displace.,nont in the propellant will give rise to a relatively
high tensile strain of the i,mterial between this point and the endring, com-
pared with the amount of shear between the point and the motor wall. Hence
the main part of the w,eidht of the propellant near the endring is, in fact,
taken by tensile stress, and only a small part by shear. If the endring is
perpendicular to the axis, the tensile stress will clearly be greater than
when a conical endring is used, for the latter vill support the weight of the
propellant partly by a shearing stress and only partly in direct tension.
(This fact was first rualised and incorporated int, a mtor design by Cr.W. Slack
and C. G. Grrmt).

The question of the relative stresses near the endring and in the main
part of the charge might be solved mather-tically, but the most promising
invediate attack on the problor is by the use of photoelastic models. VIJOrk
on this is now in hand at H.R.1).E.

/4.2
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4.2 Requirements for eorocature CycliLL.

The propellant has a ooniileoably hi:her coefficient of expansion than

the tubing, the dif'Prence Jor platpc nropellant amounting to some 31 by

volume when integratcd over the ;,,idcst ran,c of tenToerature required, 1400F.
to -65OF. (+6oc. to -54°C.), and for colloidal propellants to some 55o by
volume.

It is convenient to assurc that the rocket tube is rigid, and that the
bulk modulus of the propellant is infinite, so that the stresses involved
are always sufficient to cause a changc in shape of' the charge exactly
equivalent to the differential expansion involved. (In fact, on heating,
the charge will tend to expand more than the tube and cause a hoop stress in
the latter, and on cooling the reverse will happen. This stress in the tube
could only be calculated if the bulk moduli etc. concerned were knowvn. It
is sufficient to say that plastic propellant has never yet been known to burst
a tube on temperature cycling, but cordite has. It will probably be far
easier to determine the transient and steady stresses in the tube by moans of
direct measurement with strain gauges, etc., than to try to calculate them
after measuring bulk moduli, specific heats, thermal conductivities, the shea:r
modulus of the propellant, etc. - all over a range of teiperatures).

In the case of the first charge shape, cigar-burning, the expansion is
constrained by the supporting pot so that all the change in volu.e is manifest
as a change in contour of the free surface, as sketched in Figure 2(i).
With good adhesion, the edge of the propellant surface cannot move, and the
constraint is a maxiii m here and a minimum in the centre. For a Hookoan
elastic solid, the change in contour of the surface of the propellant wrill be
a meniscus of a paraboloid, given by:

d-- =2 r2a2),d(Vl"V2- , 22( - z'2/a 2). ..... v

On this basis, the angle of shear at any poiiit on the surface is given
by: ,T 2

Taking the figure of 3l differential expansion previously quoted,
T 2  (V l-V 2 ) . 2 7

Hence, e = d/dr jo.r6 1 (1 - r 2/a ".)

= -0.12 1r/a
2

At the wall of the tube, 0max. : -0.12 1 /a.

In other words, for cycling betwocn +6000. and -542C. without failure
the propellant must .ithstand repeated cyclic shearing through ai angle of
0.12 1/a radians, that is, approxinntcly 0.001 1AT/a radians, where 6T is
the temperature ran-e in centigradc degrees.

If strain-hardening occurs, as ith plastic propellant, this maximri
angle is lessened, becVs i te propcll it near the motor w.ll gives a, highe r
resistancc to shuar, i- the extent of fTow aLs a fumction of r is no longci
paraboli c.

/In
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In practice P.I.B. plastic propellants have successfully iwithstood
cycling between +600C. and -40 0 C. for a nunber of cycles with a value of
1/a of' 4.8, giving e a value of about 0.5 radian.

In the case af a ci,rar-burning charge open at both ends, there is a
plane of synmotry in the middle and for a given naxim-um angle of shear a
double length can be used. This is subject to the proviso that gravitational
stresses are not serious, i.e., that 'at is small.

For charge shapes (ii) to (v) with internal conduits, temperature
cycling causes little end flow, since there is comparatively free scope for
lateral expansion into the gas conduit, with a longitudinal constraint, due
to adhesion to the walls (and endrings, if presenti.

Subject to the above postulates, the change in area of the gas conduit
is equal to:

a~ (Vl-V 2 )
dT 1

Typical figures for plastic propellants in steel arc:

da = dl = 0.000011 per 0°

(IT dT

L2 = 0.003 to 0.OU, per Co. (average 0.0035)
dT

On this basis, the table below ,ivcs gas conduit volums at different
temperatures, expressed as a percentagu of' the value of V, at 600C., for
three loading densities.

600C (1-o . (OC. (21') -+C -5V
(i) 10.0 I!.(7513.2

(ii) 30.0 31.5 32.8

(iii) 90.0 90.1 90.1

If (i) represents a cylindrical conduit, there will be a 15 per cent.
ch-Mge in its perimeter between 600C. and -540C. In the case of a star-
shaped- conduit, stress concentration occurs and the elongation perpendicular
to the lines of rxi-mn stress concentration might be increased by a factor
of 2, 3 or so (no true figure is knovn). Clearly, the 'crack value' of the
plastic or highly-elastic propellant must be at least, say, 40 per cent.
to withstand such conditions, and the charge shape must be chosen so as to
minimise stress-concentration. FurthenTiore, the propellant must not exhibit
fatigue which would allow it to crack after several temperature cycles.

/A
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A sug;,_,ested basi,,, 1-or tLu ri:mea:

(a) A thousand te:2pc: aturc cycl-cs betu,cen extreme day and nigh-t

conditions in a dry~ continental clmt,say 4.00 1,. to 1000 1.1

corresponding, idio 6 pur cent. reostinat 20 - '.1c'C.

(b) 1. fuw - s,,ay twonty - c-ycle,s -ersnigwinteor arctic blizzards,,
involvin- alJ o,' J'tcrprau 'ror -150J.". to -6501,.
corres-ordi,nL to t )5 -,(. ea%t. d.f'ormatiori at -LOOC. , toge,(ther

witV] u lbrittle ino.!- A, belowu -65 0 F.

(c) A vcry fe:cyclesu3 rsntn either aircraPt i'lights from
th.e trooic;o to the stratosp hc ro,, or olse trsis 'rom a

S111m1er tropical to) a winter a,rctic on,corresponding -to

*1 20 per ce%nt. dufo:rmiation at 20 - 250C.

There suam", to be no nesnwy(c) might not be rostrictcd to 5 or 10

cycles, 1,ol10wcd by o-wipp thc n:vqnItion, if that solution woIA) the
only one available.*

Thc hichnge 1.1 Sr z 01., th,: gas Cou-1it is -ss ocia,ted uit ai~sig n ju

fa u roea of thu,'m 1 c roportio-iiaL to thc qur root ofJ. the cross-

sectional chang a simplc, cylinide.r, bult to lo -than this ir the c:,se.- of

aL star-s"ection. 'ihi3 a" oie roason why tho bofi!ic c'Plastic propel Irate;.-

are le'U-',-tU)-,,.p,ei hn thuese of corna.J. oe1. huth

surface a rea a.ctuall_y inre( Lt rpaure. In f act J C tCmpons.c

coef'ficient wihplastic propol lant villI vary : , little "wth t1lecanehn.

Conversely, how ,ever, if -ro is d ge to hJbave, a. conJU4 t 1n0t mu,LChlre

than thu ve-nturi throa,,t, flx( cr.; a-- flow, ove-r the patcucei:ti

relatively e,nhanued by a min teimpe,rature. This noce ssiL.u-Aee more,
strict ~ 1 liiato o'gvloiis(hat is port,/conduit, area ra-tios) in h

case of patcpropeTlalnts, which is seriouls in thc case of rapi d-Ibmin,,nf

motors. There is a, marke-d teulleidncy to secon(lary prmssuru peaks under such.

conditions-, which may we,ll be acerutdby those consideurations_-.

In add it-cn to the minces c-,itrto t re-en.trnt' surfaces, in thu

g7as conduit, there is slo treSS cTcetrtOLuIat'S whoro the s-ur-fa',ce

ofJ the p ropollaii" i:-, e 1~ A., indicortcd jaj -rr ,cous parag,_raphs,-

the calculation. cf acuia Ta C) S" v"u eib le. Again, hmowve,
the virtue-s of coLa e(sa ,r 11-kih conu al,: cylinder oareshape,ar
ev iden t .

Rout-Ine test,ing,r o,_'1 pmopi i-l- isL, at ,-,rcscn G confin.,,d to epr

atuxo 2; OfL 25~0C 6U) CO, tcl e .Ler-inat i.o- o 'brittle point'1, th(:
lalter "1).'-7cni by w eas the rat of -train a.rbiltr,-rily chu ;en.

As f'irst pointed out b: n csca iar ntmprtr cc n

thu ch:1i-.11l r r-~i the to degrees or so Dab)ove the

noMinal br."AL Pou-r'0 iumase,admrew i in this f.lJdLi
is ph,)nmied.

I.n order to '~u- 1dui r,. 1 r yrtir cycling, a plasto-

Mter has, lccen Y '-l in 0,0 H a or hii y elastic)
propell-ant is r _p o i co- f'''I'trn 'd by a lin.1- m1chanism driveni,

-ai n eccentric oim !ed i). nr-or ' :cme;r i ir o u

ments %with this iti-ely 1 l VI, "been. ecoimer rueujTer,i a core -1to-

between the lo,,a LUu 1 2bn ee :naue ;1 h mflt2i

Of m,0oemen 2t lhu 4 'hO ;iiPeVo - dVfcr,.m1- -pro-I)clants at controlled

/tc iempe-rat urc z
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temperatures and slow-er rats c of deform.tion is required before far-reaching
conclusions on the ultimate serviceability of plastic propellants after
exposure to severe cycling ca-n be dravm. The development of P.I.B.
propellants, -hich allow cycling over very much wider temperature ranges
than heretofore, ha s, however, directed attention to fatigue failure of
propellants on repe.ted cycling.

4.3 Rough Usage.

The currently-accopt,,d tost is a free droe oi six feet on to strong
concrete. The motor is ice1cr:L.t at a rate Ig' over those six feet, and
brought to rest in a (i-t',ne given by the dcfonration in the concrete and
metal member iraedia.tcly i contact :with it; it is then accelerated upwards
again to an extent doy edin- n the coefficient of restitution. The act
that heavy elastic mct.! ,bj, ;ct do not bounce much is an indication that
the majority of the ener(y is absorbed by the concrete, so presumably its
deformation is, say, some f.ve times rhat of the metal. A figure of a tenth
of an inch for heavy ob,jects seems reasonable, therefore; the acceleration
is then of the order of 720 7 aplied for a tir, of about 1 millisecond.
This il.Ioses a axmat shear stress of about 320 a g p. For a five-inch
motor this is about 60 -,.s.i., and for a twenty four-inch motor about 300 p.s.i.
It is not k-own what the limit is for plastic propellant, but five-inch and
eight-inch motors will withstand several drops without adhesive or cohesive
failure. The expense o. this test, in nn-hours needed to replace dnimaged
metal components, etc. , has prccluded very extensive trials.

In 19)18, some pellet.i o., plastic propellant were fired from n airgan at
a steel plate, mainly at -20 0 C., but the correlation of' results with the
brittle point of t1 1ropel Iant measured in other ways was poor, and the use
of such a test as a. means of controlling the effect of novel ingredients, etc.was,.e not conoderl ingedrnts %-,hio-Q
was not consd.eed worth while. So far, apart from using binders of low
brittle point, and salt grist specifications, wetting agent, etc., to give an
accoptablc crac. valuu, thure has been no systematic -;ork to try to decrease
the brittleness of -Olatic propellants to sudden severe impact, nor at present
does there seem to bc fA ne,d for such -,ork, as there is with colloidal propel.]rnii;

4+.4 F4ring.

).7. 1 LL/drj:i'etic Pros ux.ro

The main off .cct c o' K.'Ll rocket motors is to subject the propellant to
hydrostatic pro ssuro. Th:: :is believed to havo no effect on colloidal
propell nts, but the(e is contradictory evidence with plastic propellants.
On the one had, the reslts oj: the standard compression test appear to be
independent of applied gas pressures (up to 1,000 p.s.i.) yet on the other
hand the trixia] shear test (5) indicates tli%t hydrostatic pressure causes a
marked increase in the internal friction in the propellant, orx,bling it to
support, an excess comT)rcsJ'.v force in one direction, of up to half the hydro-
static presour, for a rc.,.tive].y smarll defor1ation. Further work is in hand.
Such an effect -ould enibe the propellant to withstand mich higher set-back
forces than "would be c,.%cul,Aod from its properties under atmospheric pressum,but it is not allowed for in the following treatment. It ay be pointed out

that during a boost pcriod th(. =,in motor of a missile is being accelerated
in the absence of hydro-tatic ressure.

Other important ciKects caused by f ring the rocket are setback duo to the
inertia of the pronel!ant against the acceleration, a steady pressure

/dif fe rence
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difference botwcn th;W e-f (1 dvo it uri , m:] fili i and transicint
pressure di-ffoeences d1,e: ,i~)ino <~ur rsurc -peaks.

TIeho donaio': wr. a..W. 'c, t'ubc to chilatc, to al!
extent -l!( by t"ht n" 'r mcU''potj.ulus, that Ls
ariti", It,2 c 00 /' 'VA '.aiva a"' L!t th.c defom~nation~
directly to thu,e o:f1. -!-, OB1---W-]d ol" thn 1 etUal div9.e1(;d by thu
factor oa saf cty. -I' Ci'1] o.-ocd.2 for any >tt1snow crvisn-,ud,

'Jhere Wil b0 -UI o~ stir oca]qu to h-l1 the circunferonti'al.
strain (/ ti:mov %jta 2"' 'g,".

li'or -r)ropclian~" t,-, cla;:t okt tube, andiscussud befLoreoh, efxi
ation at the surface' f. tli ' conduit May risc to somo 10-15r1 at linos 0t'
stress concontratlion, comX'vao fJJ.n', -:o o ,.-lineaaoxonsion of the tube tires,
ninefold density oJ' londin,- e>~ ~m throo."old streso-concentration fa--Ctor,,
At low temperatin.-s, ti1 ","!utod on- th"I de"o'nila01ionl alreadyr prusent
due to temperati-re,

SEffets 0." Air Inc,lusions.

The inclusion of '~ ar i', r !,.,tic prope.1.1m.-its (or any Jtc oidpet

can have dissoroz!s ofeLcts. 'The 0.5; of'd ure ai r, -,.J.ich is thc nmrs
amount al.l-o;ecd by th,, hr ' '~ -,ropu(A.T-.nt donsidty si'eCcifieatiou,y can,
on the above aru)et c n aCJ7. ( n I format. ion of up to 0 at linuo 0,

stress concellt:ration. Boforo dc-ic.r'.t con aai- introduced, tho i content w7rc.,
ofv -~ by voJiunv. t' '' I I eu la1 (Lfomiations at the tips. of tl,t

stai-sect ion conii-, o:('V of' r .eldividita aLir ubK>
could be worse Si ll I'p icnn' th"-Ai;. ury oi' the variaable brt1 'istic
rosults obtaineid i- o'- rly vr'a' nP ' iumcYa+ Lr duco to '-ir
j nrcltnions, The 'Cifacot v:1)-!, [;( (-rco,t-ly LccG-iitua.(.d at; Icn,'r tcm.' practurcs
butit tciiatu-rs 0 12" ' & 4w c iibo"o th icbittl.e pointtw

tho propelljant) duc L tho ,t rf,,-ely h r,l.t' o1 -o : In I~ 01
hghly viscous ')-nIlt m'n0'1r'- 1 ''(70 ±cdhctL ' i tI(N Li

causinZ n-ipturo.

It must b,- ,ead abt a .'h 'in 7  ALi iovo :x -1r( v tit> os

arc belicved to 1U- n',o -,cr ' S)' ' a r conspI-Cuous by their
absoonce , and dc I C) < '' t0 h,.ve so far noll come into
rce7-i3car use. Se(XlII~ Vrthat thie future is 1rbc~ia
for any p-mpcc oln a)'C a " ')ul l- uu c~ . n'llso fissuroc' or :ny
other cause, and 't-1A,"; vk--~ -'T'L4or;drti fsrss conceitration -.ntli.
the toipe?rature cyt. t-in_- (C. c to' be -V ths-tood, imust be given to r2nv~ inor

d.csj gns whichl a,r v a , r hi VO.tUlOSt ics of li'>d g Variants 'of Vpl
cylindrioaL- charoc,( shape' ha-ve "'uch t"- colin> Ond th2l, tto m7tards stress concun-
t rat ion.

24-- )4.>lthc Foro.

T-hoe oi.vc n L,,J-j-j ' toc vert-i 'a' 1 stor- ae, bu!- the stress is
multiplied by11 the c,,,'~ti (rcT-nud in tursof Igi) and the duration is
only 1 t.o 4)0 se ,o-P:0 I'lul-7 tc,ot' reoults cO-I'se to be igiicn
and toce stabilisnationl d!, -i 'i'-'v: ) f -Larstic proj-,ll,'-).1tS is Ti0
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longer sufficient to pr(!wtf filow. The liiinitini; acceleration with which
strain-hardening can copu, ii- ci. thc order of 60 ,, for 5-inch rockots and
probably 10 g for very 1a2jer rackeCt16. J,1ven this corresponds to a aefonn-
ation that -would be- unaccoptable in many charge shapes.

4.4.L.1 Plastic Flovi,

There are tvo,(-) wyi of' considerin,- the probleGm. For plastic
propellants, the rzat,. ofL -L10- is f;lo0w, duo to the high vi,;cosity. If Vic
base the ostimate of" e~~ on th, initial rate of' deformation in the
plasticity test at the lvicttumcra'fnro iieasured (60PC. or 3J-0F.),
typical fi1 guros am. 107 f'or P .. B. propc1lants and 2 x l0o~ for
dispolcno propellants. In ,.-iy caLxe, tho latter are unsuitable for full
Service use, so t'he iLoflar -j'orr will b]LJ uscd. It is, in fact, limitud by
the processint- machim ,2r~ at iout~vailablG and the hit;hcst toimueraturc of
procf-ssing that c!an bo. u ed. If it porso05ibb10 to wokat 100 C. in
place of 70C.g, the t7ioo, 0i1 / of' the propell,ant, would be much higher at
6CC. , the hig,ot I ly )oprature (-f usage. The viscosity will also
undoubtedly dc- pend on ti-l j.utco e cfo.n-,ation, but no measurnen t o n i
offect have been 71]de'.ii rote. of defonitioni in the plasticity
test vmuld be releovant to normal rockets, but not toc guin-launched motors.

For singie-stage rncke1, ~witLh a voriy light warhead, the maximmin overall-
L).I. is unli."iely ever to oxceed 150 sec., or for boosted rockets- 250 sec.

Ifece th iteral- of thei nacc(Zer-ation over the time 'of burning could not

exceed 250 g sec. or 8, 000 feet/see. iii 1ovel flig,ht. Practical velocities,
* w%tit -A normal- payload and air ritac,are a quarter to a third of this.

2orpreentpuross, ll win afactor of' safety, a final velocity oV L.,000
feet/sec. is taken.

The average strconi: ,1 the; surface of an axial cylinder o-f.' radius r, in
the propellant, is:

7tr 2 1 Pf. Y (r)/2 % rl 2- fj r F(r)

In a cylindrical-condmit cliare w.ith a lpading density of " 90 per cent. ,

F(r) is zero for r < -,/ 110 and FL (r) = (r/,a 2 - 0.10) for r > V 'flO.

The gradicnt of rat,:, ol flow o.l the propellant. with respect to r, is:

dy/dr =(stress - eJvx/r

The cJf.fect o-, the yio:ld vuluc; is to diinish xF (r) by anl amount dep(-nd-
ing on thc. d(1Zonmi;-t1on, b-ifu becoyiing constant for largo deformations, and
giving. a correction oi:' tl',c orde;r of[ 1"; pe)r cent, for a 2 foot dia iter motor
accelerated at 50 g,- 1AgotigtL- y:ioeld valu,e:

d-v pf r F (r) dr/2 Trj

lntegrating , ovr thc. o~rol' the, tue]eration:

d. 1 r F(r) dr/2 -n

Inltegratinn, with roof)uct tO r, tILe, ov01ra1 -flOW Of the inner surface

=~ T) J(r()r ~ .~ r2/a2 - 0.10)rar

*0. 10 Puna2-
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Since the contribution to this flo-u of the layers of -ropellant nearest

the axis is small, a star-contr-d charge (with the same density of loading)

would give nearly the same, result.

If p 81.8 i/cc. u z120,000 cm./sooc. (4,000 foet/seoc.),
a = 50 cm. and - l0I dynus/square cn./strob, the extent of flow would

be 2.0 cm. This is a-bout the limit lik_,ly to be acceptable for a conventional

charge shape, since tho venturi endring would divert the displaced material

into the gas conduit (but would add to the local resistance against deform-

ation so that the matrial actually displaced would be spread some few

centrimetres up the conduit). In the case of a boosted sustainer motor, much

of this flow would occur before actual ignition of the propellant, causing

erosive conditions which might lead to excessive pressure. Similarly, at

the head endring there v.,ould be a drop in web thickness which -would lead to

the exyosure of metal before burning had finished.

Both these conditions could be overcome to somc extent by the use of

gently tapered conical or modified skirted andrings, rud it might also pay to

pare away some of the propellant for a distance of a few inches near the

venturi end, as has been done experimentally with a star-contred 5-inch motor,

without reducing the web thickness.

A more speculative method of r.dnii-dsing set-back, suggested independently

by several people, wrould be to include a wirc frame, or similar device,

embedded in the propellant and fixed to the head end, so as to impose an added

viscous drag.

Siilar argumento apply to the case of a gun-launched rocket. The

overall velocity wiill be no hihor than that of a boosted rocket. In this

case, howver, thercis a, possibility of an appreciable transient elastic

strain superimposed on tho plastic flor of the propellant. No special measure-

ments of elasticity of plastic propellant have yet been made, It can be

deduced from the nagligible elastic component of deformation in the normal

plasticity test that the modulus of rigidity is 
certainly not less than 5 x 106

dynes/--care cm.

To sun up, there is . vIry good prospect of bo-ing able to use P.I.P.

plastic propellants in all rocket motors, including those boosted or gun-

launched, up to a size limit of at lea t 2 feet in diameter. Individual

charge designs which introduce new factorf- of size and acceleration will have

to be ex,minod more fully to confini this. If the density of loading is

rn(irod, the size limit is increasod.

4.4.4.2 Elastic Strain.

For a highly-elastic propellant of noegligible internal viscosity, set-

back will cause an elastic defonmation. For tl. internal-conduit charge

shape previously considered, the main atress is a shear. The strain at the

wall of the tube is 0.45 apf/n, i-:here n is the modulus of rigidity.

For large rockets, it has been stated that f vdll not exceed 50 g.

Hence, for a 2 foot diameter motor, the strain at the Ymll of the tube,
calculated as above, is 1.21 x I0 6 /n radians. Integrating over the. web

thic3ciess, the linear sotbac- td the inner surface of the propellant could
be as high as 8 ]06/n c . (Th- scverest4; possible conditions have aain

been postulated). Th- - .dulus of' rigidity ot a typical soft natural rubber

is about 3 or 4 x 10f; df:F,u.s/quare ci./radian. This would give about 2 cm.

deformation, as for a pl,%stic propellant.

/Any
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Any viscous resi-stance of rubbery ii-aterials has been neglected. Thi,;
is considered to be quite valid, and simply im?lies that the modulus should.
be measured in the laboratory under much the same rate of loading as is
encountered in use. In fact, the molecular rearrangement associated with
high elasticity is normally the int-rnal straightening of riolcul.os, which

can usually occur without Uh need for mcroscopic viscous flow between vane '
molecules.

The case of a gun-launchud rocket filled with a high-elastic propellant
forms an interesting contrast with plastic propellants; the deformation is
proportional to the accleration, whereas with the plastic propellant it i

independent of the acceleration. Hence, under high accelerations, plastT,h
propellant will behave better than elastic (assuming its coh-sive Ltiength i:,
not exceeded by the applied. ,a-cculerntion 3tresses).

The linear setback of' elastic propellant is proportional to tho square e

the wb thickness and the naax±mun , -ular strain directly to the web thicknc
Hence the maximtn permis:ible acco-Loration will be inversely proportional -t

the diameter of the rocket, or to th. square of thc diameter, Lle",) u,: n17
whether the propellant rupt.ur.s before reaching its highest acceptable dofc - 1
ation. A figure for soft rubber in a 3-inch motor would be of the order of
500 g. A rigorous uxamination o: - c' a system would be complicated by
pulses of deforation boing reflected at endringp, etc., since the spoed o f

transmission of longitudinal vibration, in rubber is relatively low,

4.4.5 Pressure Gradients.

4. .5.1 It is noseibl that the pressure at the head end of a roAwo

could exceed that at the rcnturi end by as much as 200 p.s.i. , maintaincd
during the first part of burning, in the. case of a iotor with a gas con1jit
small compared iith the venturi throat. This ould tend to displace th-.

propellant towards the ventur.. Neglecting the variable contribution of
erosive burning, the usUIl gas-dyn.aiic relationship a proximates to the con-
dition that the pressure droy) (on a logaritlunic sca.) is a nmction of the
square of the gas velocity. The gas, velocity -uill be zero at the head end

and will increase rather more rapidliy thon linearly doim the cha-rge (due to
the slight drop in dens ity and. the contribution of crosive buning). The

pressure gradient will therefore be vo:ry low at the head end and will incr .P

steadily towards the venturi end; it might reach 10 p. s.J./inuh towards thm

venturi end. It could be r ;atly reduced, if required, by tapering the

conduit in the way mentioned. above to overco-ra the effect of setback.

The shearing stress corresponding to a presurc gradient of 10 p,s.i.
per linear inch, as.suYing h,at it is transmitted freely as a hydrostatic

pressure vithin the charge (the worst possible condition), is 280,000 dyne-,"

square cm,/cm. This will cause a steady flow in a plastic propellant, or a

strain in an elastic propellant.

4.4.5.2 The rate of LTov: at the conduit surface of a plastic prope7lro'

of viscosity 107 poises will. be 280,000 w/iO6 cr/ c., whore 'w' is the web

thickness.

In a 2 foot diameter motor, IWI -will not exceed 6 inches (15 cl,o.), ro
tb- q%+,ent of flow in 1 second might attain nmi.

4. k. 5.3 The stl-r 4 rv-- r.ding oft elastic propellant (if

n .x2f 1 i ;jrF)V'> CtV. .j'l d be3. cm I :Cr ic secona. is a reas,onaible c

/to
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to assume, s-ific -,'le (.oi-d-1tion,, o-. hih e r. diento very rar)Jdly
s.ide an, the an, conduit n. _: :oa]a i eamter.

it may bce concludod th- al, the maiximui permissible susta,7inod prcs.,.ure
Zgradient 4-L lar, o rocketo s l! c the order o.' 10 p .1/nh

4.4 * Initecr Iea -. Iree,-- cue.

Those are much mcorc rnin than those considerod above, so that they
can be iFnored in theu ca... odi bodily flow o' highly viscous plastic propellanit-.
However, thore is a -possibil1ity th-at the Iviscosity? may fall off at very
rapid rates of nhear, that is under hig-h ,.,tresses, dluc to elasticity. Theicr\.
is a further poss ibildty the,h 'crack valtie' as normally measured, in a
time of the order oi' aL feC.1 secondn, doe,; rol; truly reproesent the cr-ack value;
iuidcr shock loading. Furthmr work on the.,s. problems is rectuared.

For elastic p)ropcll.a.rJ;,, in the ,,amie way, the physical properties at
very high rates of loading , ar required. Tlhere is a chance of' netting up
severe longitudinal W,.LVO- UC I ens the dc;gree of' intcri)al zoimping is high.
Actual conditions in a rcu- -noight be studied by X-ray flash photog,raphy, 'but
an exploration in tcrm s oJI- direct laboratory measurem,eints of the physical.
properties concerned ins aW vraluablu.

Secodar ar cnre (e sxmn c ke-- are -not well enough studied. to
predict their ef. cctf7. ju .x in ro eebruL-oiit experimontal plastic
prop)el.ant mot;ors ritrr cabx 1 5{~hlirri-c var-I.ations in nrpe.1ai
thickness of ccv(ral nl'! liYe a * Th ., x opu Llit i1n question, at aribion±t,
temperatures, liad a n o1. o-IILy 5 1 0 pro: sc, (Iropping to 1 x 1(
ar 600C It an ho1e < '1111eh c; icous comp osit ionz- will1

render thi!,, troubk ].c0

4...4- 7 hotation and (uheo;

If a pla,.stic or -prm_1(one] 1,rant rocket i,, rotated aboiit; it, uia

the main centr ilug -1 'orce13- take.,n b' r thejwLl of the tiibO3e,j3a, t1turu, fill
sirmply 'be a hydrosta~tJi 1 ei the filTir. Vilium the fl i is not
continuous -,.Jth the cow r t tKhe 1( ' end i', achargeC Where thr are n
endr-lnos, or In the 1 sarcenre char, rbPne scss,':l
occur, tending to 1orce 4 p-I ,L utars

Con,,itions a c.4  Tp:e! _' v idr;ea:hell of elastic filling will
be the same as an )"direct aeor. u tst, where the stress is that due to
the hydrostatic i.)rE)s,Ur(,'m e th(.- coluLmn of' propellnt between the
point considered al nd i t hh_ex-: f1-i tube, that is:

f. w2&r. dr dynfics/sqimmr c3,r.

whecre ,; is the angullar velocity in strobs and the integral is confineJl -to
the space actually occu)i'd.(, o, ronme,loznt.

For a1 2 f t. diamcter eV :e ith 90-/l d_ns-ity of loadin, Pit prcliant
of' densit-y 1.8 gir/cc., rotating at 1 rev/n;c., the average wall pressure is
aDprox:LmatolY: 30

7.2 n 2 J r.ar. =29,000 dyneq./square am.

14 /This
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This pressure vould cause only 0.5 f coy rression in soft rubber
(Y. Ti. = lo7 dyncs/square cm) and a vory slow rate of flow in P.I.B. plastic
propellant, a decrease in 7cb thickness of some 0.X/sec., falling to zero
on strain hardening.

The defornatJon accetalcu, in a motor depenids very much on motor dsign;
a round figure might be ten tJis that given above. Again, for small
rotated motors filled A. itl C ltic propellant. the time of burning would be
very short, alloY:i)g - desii n giving a hifTher rate of flow than in larger
motors. Special calculitions should be made in every individual case. Rapid
rotation (spin-stabili,a ion) i-.uld appear to be permissible only with uell
supported charges.

If the rocket is rotated off axis, the -part of the filling nearest to the
axis is subjected to a tensile stress . I.B. plastic propellant will clongato
unacceptably fast if tUis stress exceedo about j p. s.i.; higly-elastic
materials will stand far more thai this, but the shape of the charge will be
deformd, appreci,bly at 20 p. s.i., as sujining the modulus of rigidity is 3 or
4 x 10 dyncs/square cm. If the diotancc off axis is 'x' foot and the i-mb
thickness lwt inches, it follows that P.I.B. mi;astic propellant wvill stand
about 400 / r r.m. and soft rubbery aropellants some .. 00/'/ r.p.m.

If the path of a rocket is altered, the permissible sideway. acceleration
is, correspondingly, about T5 g7, for P.I.B. propellants and 300 &/w for soft
rubbery propellants. Ho-wever, in general, the rocket will be partly burned
at this stage of its flight, and 'wl will be less than its ooiginal value.
Accelerations up to 10 g should be tolerated by both types of propellant,
taking w as 4 - inches,

In each of the last cases, the oveall flow of plastic propellant for a

sustained stress vmuld require cvaluation.

5, DISOUSSION.

The main theme o- this paper is to obtainf an insight of the limitations
of propellants for lar e rocket motors.

It has been demonstrated that the theoretical limit for present plastic
propollants in motors aith ,. high dcnsity of loading is of the order of at
least 2 foet in diame1ter. As rockets approach this size, the specification
of the propellant will have to be critically reviewed to ensure that the
minimum tviscosityt is maintaincd and the 'crack valuet is not too low.
The 'crack value' test ray have to be extended to include rapid single loading
and repeated slow cycling. Specifications for cohesive and adhesive strength
may have to bo introduced with both very long -and very short times of loading.
Finally, there will probably bc a larger range of motor sizes, perhaps up to
some 6 feet i diameter, whher, the usage of the propellant will need to be
limited to a low density of loading or to certain rather low temperatures,
unless more robust processing machinery or higher processing temperatures can
be adopted, with corresponling increases in tviscosityl and cohesive strength
of the propellant.

It has been shownm that the limitations of plastic propellants arc more
and more serious as the sine of motor increases, as the tviscosityt falls, and,
particularly, as the 'density of loading' and degree of stress concentration
in the motor rise, Thore is a practical limit to density of loading of
axial conduit charges, related to the range of temperature cycling, which is
of the ort"or of 85 per cent. by voluiic for the widest temperature ranges,
rising to perhaps 90 per cent. in the case of a motor with a cylindrical
conduit. There is a limit to the lcngth/diamctcr ratio of cigar-burning
charges, again related to the tempera turc range.

-15 - /In
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in the caso iI ci hI; elastic 7propollants, it has been shcve that ihe
modulus of ri11-'lity o::' a, .w_ 1fbbe r (sone ., x 10( rnes/square cil..) ,ould
aain li-it char.esorc So c 2 fet in diasitcr for low accelerations, and
to verTy jcrch 4,ialer si',cs -'r hi. 4, cc(,lerations. Ehe, desi,J.rable shear
mod1-ulus for a ]c. -,A)ul., be At least 107 dynes/scquare cm.

As J'or plast )rcr'o-, I" thn tcrack e, (re7.-tcd to the clongation
at break) must be hi,,- ) 0J r ce.nt., "o: both rapid sinle stressing
and for slow rcpc;ai.cd 1 'ai (±i i a fatigue resistance).

The nature oi u cilaIp cia sticr propellant' has deliberately boon
ignored in the main part o:! he apr; 1J: is imaterial to the considerations
recvc%,cd there. Thorl ar' rmu(:.o ,Yab1Gii 0s. A soft cordite
(e.g. Marl: i), csocoiall i/ r af:orcod i. h carbon black, has a sufficiently
high elongation and o.u,u .' ri gidity. Howcver, it would beconc too
brittle around -200C, and unidr hi.h sbrussco it undorgoes cl dlow'
Possibly it could be li I cross-lie%:cd i a ro-)roduciblo manner, and
without vin I .,xuda-tion; or a;ain, as :th some sy thotic rubbers,
reinforcement by A: r fin fillIrs would hB!p.

l'ossibly an o1,;U,atI mono,cr Iz ] dcvelopcd which could polymariso
to a rubber, porhapsth suitable pLa-t icisat ion by a liquid nitric ester.
Failing those tcoolloidal?' xifblcr-y propc1llants, a tconpositol propellant,
enloying an inoro-an-!c sa]t a,, oxic-n. srJght be used. There is already the
American "thiokol" arop'' .. ,nd dopolicrisd rubber (natural or butyl)

has been tried o-J a srmii. sc-iL by .E.R.D.E. ; further laboratory wor;: s in
hand, minly to clucidate uch problems as wetting of the f]llcr.

There is, ho-weverl vot]ar possibility proposed by Poole. That is to
have a norimal colloidal ;rohrLrant, chrge split up into segm,nnts each bedded
in an inert rubbcry matr .i free to expand and contract at the junctions
bctvoon the scgments. This is also being tested on a small scale. Its
advantages arc mainly, at first sight, associatod with the possibility of
easier rnufacturc and irn:- ion, cor].cd ,Iith protection of the cordite from
brittle fracture at lov tm,cGra:turcs. A variant of this idea, suitable for
many motor designs, -,ould I- to use a highrly-elastic material to inhibit
colloidal propellanta; some -,7ork on thes lines has already boon done (6).
If this ma< terial eomb,o. a reasonably high modulus of rigidity, good tear-
resistance, etc., w,il-h m -orou or ribbod structure, so that it could accomo-
date volume changes o-n tc,: Prature cycling and yet always be a tight fit in
the motor tube, it , ;at ' jood coijetitor to the plastic or liquid
surround of the "Dero,n" 2oo,- "nd clininate all difficulties associated Vrith
supporting colloidal cr .ln char-us on a grid, or its equivalent.
It is thought that these consi_dcrat ions amply justify some work on highly-
elastic irdibitors, es eoia']= in vicT- of supply difficulties with ethyl
cellulose.
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